Multifunctional fabrics with excellent water repellency are very useful for practical applications. In this study, poly(ethylene terephthalate) (PET) fabrics were functionalized by introducing carbon nanotubes (CNTs) onto the PET fibers via a facile layer-by-layer electrostatic assembly using poly(dimethyl diallyl ammonium chloride) as a polyelectrolyte, followed by post-treatment with poly(dimethylsiloxane) (PDMS). The obtained fabric surfaces possessed superhydrophobicity, UV blocking properties and electrical conductivity. The hydrophobicity and electrical conductivities of the PET fabrics were systematically tunable by controlling the number of assembly layers. Wettability tests showed that the superhydrophobicity of the modified fabrics was robust to acid/alkaline etching, UV irradiation, long-time laundering and mechanical abrasion. Moreover, electrical conductivity showed no significant change even after repeating water laundering 20 times.
Introduction
In nature, many plants leaves, 1,2 insect legs, 3 wings, 4 and animal feathers 5 show extremely high water repellency, with a CA greater than 150 and water sliding angle typically lower than
10
. Such materials are referred to superhydrophobic surfaces, 6-14 attracting a lot of attention during the last decade mainly because of their unique water repellent and self-cleaning properties. With the deepening research on superhydrophobic surfaces, exible substrates such as textiles have recently attracted great interest owing to the abundance and inexpensiveness of the raw materials, easy large scale-area production, and potential applications. 15 Utilizing the brous microstructured textures, many researchers have coated bers with nanostructures and hydrophobized the substrate to prepare superhydrophobic fabrics. [16] [17] [18] [19] From the practical point of view, it is still a great challenge to sustain the superhydrophobicity against laundering and abrasion during application.
To date, numerous durable superhydrophobic fabrics have been prepared on different fabrics adopting various methods/ techniques. [20] [21] [22] [23] [24] [25] [26] For instance, Zimmermann et al. 27 grew a layer of silicone nanolaments on bers to construct a hierarchically rough structure to obtain superhydrophobic cotton fabrics. The coated fabric retained its superhydrophobic character even aer continuous rubbing with a skin simulating friction partner under a force of 5 N, making the nanolaments wear off from the contact surfaces but remain intact elsewhere. Deng et al. 28 prepared a laundry durable superhydrophobic cotton fabric using a radiation-induced gra polymerization method and the sample could withstand at least 100 commercial laundering cycles. Yoo et al. 29 deposited a poly(1,3,5,7-tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane) layer and a poly(1H,1H,2H,2H peruorodecylacrylate) layer by initiated chemical vapor deposition, that allowed conformal coating of the stacked polymer lm on micro-structured bers. The fabric maintained its water repellency even aer 20 000 cycles of abrasion under a pressure of 9 kPa and aer 75 cycles of laundry. Our group has reported that bers could be roughened through chemical etching at the surface, and superdurable superhydrophobic fabrics could be prepared by following diffusion of uoroalkylsilane into the bers 30 or forming covalent bonds between bers and lowsurface-energy compounds. 31, 32 Despite the progress in the eld, most of the methods still require harsh conditions, specic equipment, and uorochemicals. It has been recognized that uorochemicals have potential risks to human health and the environment. Meanwhile, it is noteworthy that there are few reports about simultaneously endowing fabric multifunction, such as electrical, UV-blocking and superhydrophobic properties.
For the past few years, layer-by-layer (LBL) assembly technique has been regarded as one of the most popular methods to fabricate functional composite coatings. 33, 34 LBL assembly involves alternate adsorption of species to form composite multilayer coating by electrostatic attractions, hydrogen-bonds, and coordination bonds, etc. [33] [34] [35] [36] [37] [38] [39] The building species of LBL multilayer include polyelectrolytes, nano-particles and complexes of these materials. 39, 40 To fabricate multilayer coatings using polyelectrolytes, a charged substrate was alternately immersed into cationic and anionic aqueous solutions, then rinsed with water and dried in air. Hence, LBL assembly can be identied as a simple, inexpensive and versatile technique, which has been widely applied in preparation of various functional coatings. 41, 42 In this work, poly(dimethylsiloxane) (PDMS), carbon nanotubes (CNTs) and poly(dimethyl diallyl ammonium chloride) (PDDA) nanocomposites coating was constructed on poly-(ethylene terephthalate) (PET) fabrics to simultaneously achieve electrical, UV-blocking and superhydrophobic properties via layer-by-layer assembly technique. The wettability tests showed that the superhydrophobic fabrics were robust to different chemicals and maintained superhydrophobicity aer severe abrasion, and laundering, as well as long time exposure to UV irradiation. And the as-obtained fabrics showed excellent UVblocking property and electrical conductivity, which showed no great change even aer repeated water laundering of 20 times.
Experimental
Materials PDDA was purchased from Haining City Huangshang Chemical Industry Co., Ltd. PDMS, Sylgard 184 Silicone Elastomer Kit with components of PDMS base and curing agent, was purchased from DOW CORNING. PET fabric was purchased from a local factory. CNTs were purchased from Chengdu Organic Chemicals Co., Ltd. Chinese Academy of Science. All chemicals were used without further purication.
Preparation of multifunctional coating on PET fabric by layerby-layer self-assembly technique manner, a multilayer of (CNT/PDDA) n -coated fabric was obtained, where n represents the cycle number. To give the fabric superhydrophobicity, the (CNT/PDDA) n -coated fabric was nally immersed into PDMS solution for 10 min and dried at 80 C. The obtained samples were denoted as PDMS/(CNT/PDDA) n .
Characterization SEM images were obtained under a Hitachi S-4800 eld emission scanning electron microscope. Contact angle (CA) measurements were performed with a video optical contact angle system (OCA 20, Data physics, Germany) at ambient temperature with a 5 mL water droplet as the indicator. All the CAs were determined by averaging values measured at 6 different points on each sample surface. TGA data were obtained using NETZSCH STA 409 PC/PG at a heating rate of 10 C min À1 in an N 2 atmosphere. The reectance and transmittance of the textiles were measured on an Agilent Cary 5000 UV-vis-NIR spectrophotometer in the range of 200 to 800 nm. Electrical resistance measurements were performed on an ST-2258C multifunction digital four-probe tester. The electrical resistance was measured 5 times on each fabric.
Chemical stability
Aqueous solution with different pH values were used to test the chemical stability of superhydrophobic PET fabric. The samples were immersed into the selected solutions for 72 h, rinsed with deionized water and dried at 80 C.
Abrasion stability
Abrasion durability tests were performed according to a modied procedure 29-31 based on the AATCC Test Method 8-2001. The pristine PET fabric was used as the abrasion partner. During the test, 45 kPa of loading pressure was applied, and the sample was xed onto a dynamic stainless steel column and moved repeatedly with a distance of 20 cm for one cycle.
Washing durability
The washing durability was evaluated by reference of the washing procedure described in the AATCC Test Method 61-2003 test no. 1A. The test was performed using a standard laundering machine (SW-12 E, Fang Yuan, China) at 40 C in the presence of 10 stainless steel balls and 0.37 wt% soap powder in the washing containers. One cycle (45 min) of this standard washing procedure is equivalent to ve cycles of home machine launderings in this work.
UV irradiation resistance
The coated fabrics were subjected to a UV irradiation using an articial light source (UV lamp, Osram Ultra Vitalux 300 W) emitting a Gaussian-shaped spectrum which peaked at 370 nm with a cut off at 290 nm. Fabrics were placed under the UV lamp for continuous irradiation.
Results and discussion

Characterization of coated fabrics
Layer-by-layer self-assembly method is an important strategy to modify inert substrates for further functionalization. It is generally known that conventional PET ber surfaces have few functional chemical groups, showing little affinity for functional chemicals. As shown in Fig. 1 , the pristine PET fabric was treated with PDDA solution rstly, making the ber surfaces positively charged. Secondly, the PDDA coated fabrics were immersed into CNTs dispersion, and the ber surfaces would be covered by CNTs due to the electrostatic interaction between PDDA and CNTs. This procedure could be repeated for given times. Finally, the (CNTs/PDDA) n coated fabrics were treated with 1% PDMS solution to render the fabrics superhydrophobicity.
The surface morphological evolution of the PET bers was investigated by SEM at different magnications, as shown in Fig. 2 . SEM images show that the pristine PET ber exhibits a round and smooth surface ( Fig. 2(a) and (b) ). Aer being assembled with 10 layers of CNT/PDDA, the ber surface became much rougher than the pristine one (Fig. 2(c) and (d) ), and uniformly covered by countless nano-scale CNTs, indicating that CNTs had been successfully connected to the PET fabric. Treatment of the (CNTS/PDDA) 10 Fig. 2(e and f) . The micro-scale structure of PET fabric in combination with the nano-scale protrusions created a hierarchical rough structure, which is very similar to the structure that as observed in a lotus leaf. It is well known that a superhydrophobic surface generally has a low surface energy material combined with a particular micro/nano structural roughness. This Cassie's mode-like structure of the PDMS/(CNTs/PDDA) 10 PET fabric can effectively reduce the solid-liquid contact area, possessing a CA of 166.9 AE 1 (inset of Fig. 2(d) ). The thermal decomposition of pristine PET fabric and PDMS/(NT/PDDA) 10 coated PET fabric were studied by thermo gravimetric analysis in nitrogen atmosphere, as shown in Fig. 3 . It can be seen from the curves that the pristine PET fabric went through two weight losses, and the sharp weight loss between 400-460 C corresponds to the oxidative decomposition of the PET backbone. As the temperature reached 600 C, the pristine PET fabric completely lost its weight of 89%. As for PDMS/(CNT/ PDDA) 10 coated PET fabric, the residue amount increased to 21% at 600 C indicating that the treated PET fabric shows higher stability than pristine PET. This is attributed to the good thermal stability of CNT, as seen from the weight loss curve of CNTs in Fig. 3 .
Hydrophobic properties of the coated fabrics
Surface wettability examination showed that water can easily spread on the pristine PET fabric due to the capillary effects of the brous structure, as shown in Fig. 4(a) . To give the fabric superhydrophobicity, the (CNT/PDDA) n -coated fabric was immersed into PDMS solution. The hydrophobicity of the surfaces can be tuned by controlling the assembly layers of CNTs, as shown in Fig. 4(c) . Aer being coated with (CNT/ PDDA) n multilayers and further treated with PDMS, the fabrics became superhydrophobic. Increasing the layers of PDDA/CNTs increased the CAs and decreased the SAs correspondingly, which nally converted the hydrophilic fabrics to superhydrophobic ones (Fig. 4(b) ) with a CA of 166.9 AE 1 and SA of 4.2 AE 1.5 , making water droplets roll easily. 
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Stability of the superhydrophobic fabrics
For fabrics, good laundering durability is of signicance for reuse. To check the robustness of the superhydrophobicity of the coated samples against laundry processes, the fabric was put into a commercial laundry machine and made undergo washing cycles with 0.37% of detergent and ten stainless steel balls added. Such a mechanical agitation, in conjunction with various chemicals in the detergent, offers an extremely harsh environment for superhydrophobic fabrics. Fig. 5(b) shows the changes of CAs and SAs, monitored according to the number of laundry cycles. The test was performed for 20 cycles, approximate to 100 cycles of commercial laundering. The CA was decreased but still higher than 155 . However, the SA increased from 4.2 AE 1.5 to 13.5 AE 1.5 . There are two reasons for this phenomenon. On one hand, as laundering cycles increased, the roughness on the coated ber surface decreased due to the mechanical action. On the other hand, with severe mechanically laundering, some protruding fuzzes appeared on the surface of the sample, causing some force or adhesion to water on the fabric. Thus, the SA increased with increasing the laundering cycles. The abrasion durability was evaluated by a modied procedure based on the AATCC Test Method 8-2001 using untreated PET fabric as abrasion partner. During the test, 45 kPa of pressure were employed. Fig. 6(d) shows the change of the CA with the abrasion cycles. It was found that the CA of the modied
abrasion cycles, and the coated fabric can withstand at least 10 000 cycles of abrasion damages without changing its superrepellent feature, indicating excellent durability of superhydrophobicity against abrasion, although the samples were worn out (Fig. 6(a) ). As for the SA, it increased from 4.2 AE 1.5 to 16.5 AE 1.2 , which is due to the partial removal of the coating at the ber surface and lowering of ber roughness (Fig. 6(b) ).
Apart from abrasion and laundering test, we also evaluated the durability of superhydrophobicity of PDMS/(CNT/PDDA) 10 fabrics by irradiating the samples under a 300 W UV-lamp or immersing into solutions with different pH for 72 h. Fig. 7(a) shows the CA and SA of PDMS/(CNT/PDDA) 10 fabrics as a function of UV irradiation time. The results showed no signicant change aer different UV exposure time. Fig. 7(b) presents that the CAs of the samples were nearly unchanged, indicating their strong resistance to different pH solutions.
Electrical properties of the PDMS/(CNTs/PDDA) 10 
coated PET fabrics
Carbon nanotubes (CNTs) have been attracting much attention due to their excellent electrical, mechanical, and thermal properties. Among these properties, the extremely high conductivity and large aspect ratio are very effective as a ller in conductive composite materials. It should be noted that pristine PET fabrics are not conductive, showing very high resistivity. However, seven times coating of CNTs could make the fabric conductive, and stable conductive fabrics could be obtained aer ten times assembling, with a resistivity as low as 6.54 U cm À1 , as shown in Fig. 8(a) . Importantly, further treatment of (CNTs/PDDA) 10 fabrics using polymer PDMS, did not cause much increase of the resistivity which maintained 37.5 U cm À1 , showing excellent electrical conductivity. This is because that PDMS coating did not disrupt the well connected conductive CNTs network on the PDMS/(CNTs/PDDA) 10 , fabric could easily help to power on an LED device connected to a battery ( Fig. 8(b) ). And commercial laundering of 20 cycles only increased the electrical resistivity from 37.5 to 57.3 U cm À1 . It indicates that the fabrics possess excellent durability of conductivity against water laundering.
Optical properties of the PDMS/(CNTs/PDDA) n coated PET fabrics
Generally, the optical performance of materials depends on its ability to reect or absorb the light. As shown in Fig. 9(a) , the colour of the fabrics changed from white to black gradually with increasing the assembled layers of CNTs. To examine the colour change effect on their optical properties, we checked the reectance of the samples in the range of 200-800 nm and the results were shown in Fig. 9(b) . The untreated fabric has a low reectance at 200-300 nm, but a higher one at 400-800 nm, since the penetration of UV light is stronger than visible light. Meanwhile, the reectance of corresponding modied fabrics were decreased with increasing assembled layers of CNTs. Fig. 9(c) showed the transmittance of the fabrics in the range of 200 to 800 nm. For the CNTs coated PET fabrics, the transmission between 200-380 nm, UV radiation region, signicantly decreased compared to the pristine PET fabric. The strong absorbance of the PDMS/(CNTs/PDDA) n coated PET fabrics in the ultraviolet wavelengths may nd great potential applications in photoprotection. The UV-blocking properties of modied PET fabric may be due to excellent adsorption of CNTs. Actually, layer-by-layer assembly technique can be used to modify various kinds of substrates. Therefore, as a control experiment, the same experimental process was used to modify cotton fabric and the corresponding results were shown in ESI Fig. S1 -S4. † It was found that stable superhydrophobicity and electrically conductivity could be obtained aer 7 times assembling. Compared with PET fabric, the cotton fabric was more difficult to obtain superhydrophobicity and easier to get electrically conductivity due to the abundant hydroxyl groups on the ber surfaces, which enhance the affinity of CNTs/PDDA for the bers. Anyway, the as-obtained fabrics exhibited superhydrophobic, electrically conductive and UV-blocking properties by the same method.
Conclusions
We have demonstrated that superhydrophobic, UV blocking properties and electrical conductive PET fabrics were successfully fabricated via layer-by-layer assembly of CNTs followed by coating with PDMS. The as-obtained fabrics possess remarkable durability against different pH solutions without changing its super-repellent feature and exhibit excellent resistance to washing, abrasion, even exposure to UV light. The electrical resistivity of PDMS/(CNT/PDDA) 10 PET fabrics reached at 37.5 Ucm, which decrease approximate 10 7 times compared with pristine PET fabrics. The water laundering durability tests indicated that the modied fabrics still performs efficient electrical conductivity aer 20 cycles of commercial laundering. Moreover, the whole procedure was carried out in a mild environment, and no special instruments were needed. Utilizing the excellent UV absorption property and electrical conductivity, the superhydrophobic PDMS/(CNT/PDDA) 10 PET fabrics might nd great potential applications for outdoor products. 
